A novel blending approach has been introduced for fluoride removal by means of electrocoagulation. A blend was prepared by mixing synthetic phosphoric acid plant wastewater and gypsum plaster (GP) rich wastewater. This study explores defluoridation of wastewater using the simultaneous effect of chemical precipitation and electrocoagulation. Fourier transform infrared spectroscopy analysis of sludge confirms the presence Ca-F bond, which proves that enhancement in fluoride removal with blending of GP rich wastewater is due to simultaneous action of chemical precipitation and electrocoagulation. Optimization and statistical modeling were done with the help of MINITAB 17 software. Response surface methodology was performed using Box-Behnken Design to predict the fluoride removal efficiency and energy consumption. R 2 values of 0.9485 and 0.9998 shows a good agreement between experimental and predicted values of responses. Kinetic study was done to determine the rate constant and it is found out that fluoride removal follows second order kinetic model. Blending approach confirmed the assistive role of GP rich wastewater in the enhancement of fluoride removal efficiency.
Introduction
Water contamination of fluoride is an issue related to drinking water, as excess fluoride exhibits hazardous health effects like dental fluorosis, skeletal fluorosis etc. [1] . Excess fluoride in water could be due to natural causes like volcanic ash, fluoride rich minerals etc. or anthropogenic causes like fly ash, fertilizer plant wastewater [2] . According to literature, the majority of researcher's work on defluoridation is about the treatment of target drinking water source. All these work have tried to remove fluoride from drinking water as per WHO norms, i.e., max 1.5 mg L − 1 of F − ion [3] . If we consider the wastewaters from semiconductor or phosphate fertilizer industries, excess fluoride from these waters acts as a source for drinking water contamination. According to Central Pollution Control Board of India, maximum fluoride limit for industrial wastewater is 15 mg L − 1 for discharge to public sewers or marine coastal areas [4] .
Fluoride removal from contaminated water can be done using various processes like adsorption, chemical precipitation, reverse osmosis, electrocoagulation, and ion exchange [5] . Each method has its own operational favorability and constraints. Electrocoagulation as a method of defluoridation has received considerable attention in recent years. It is an electrochemical approach to water treatment with its operational favorability of less sludge generation, higher percentage removal, faster coagulation and simple operation [6] . A typical electrocoagulation unit consists of an electrochemical cell which can be a batch or continuous reactor with metal electrodes connected to a DC power supply. Mechanism of electrocoagulation is similar to chemical coagulation with the only difference in that in electrocoagulation the coagulant is generated by electrochemical dissolution of sacrificial anode [7] . When the sacrificial anode is made up of aluminum metal, the supply of electric current produces trivalent aluminum hydroxide flocs. These coagulant species form agglomerates with negatively charged fluoride ions and precipitates out as sludge [8] .
Reactions occurring in electrocoagulation process when aluminum is used as a sacrificial anode can be represented as follows [9] . Anode:
Cathode:
Precipitation of F − ions with coagulant species:
Recently the major portion of studies has done optimization and statistical modeling of electrocoagulation process using response surface methodology (RSM). It is a statistical modeling technique used to create empirical models, study interactions among factors and to find out optimized parametric conditions for a target response [10] . The main advantage of using RSM for designing experiments is that it allows us to study interactions among different variables and optimize the specified response with a limited number of planned experiments [11] . It has been used to optimize electrocoagulation process with drinking water using a new flow column electrocoagulation reactor [12] , chicken processing industry wastewater [13] , palm oil mill effluent [14] , raw landfill leachate [15] , and molasses wastewater [16] .
This study covers fluoride removal from wastewater of phosphoric acid plant using the simultaneous effect of chemical precipitation and electrocoagulation. A blending approach has been selected and the blend represents the combination of wastewaters viz. fluoride contaminated wastewater and gypsum plaster (GP) rich wastewater. GP is a calcium sulfate hemihydrate (CaSO 4 ·0.5H 2 O) so GP rich wastewater acts as a source of calcium ions which induces precipitation of fluoride ions [17] . In India, many religious activities like idol (GP based) immersion leads to increase in calcium ions concentration in lake/rivers [18] . This wastewater could be used as a source of calcium ions. In this research paper, the combined effect of chemical precipitation and electrocoagulation for defluoridation of wastewater was studied. The reaction mechanism of precipitation of fluoride ions with gypsum dissolved in water can be represented as follows [19] :
A critical literature survey has been carried out and it is observed that we are offering a new approach of blending for defluoridation. Furthermore, statistical modeling using RSM has been carried out. Also, in this research paper, wastewater containing high initial fluoride concentration (200 mg L − 1 ) was selected, over the work done by most of the researchers taking a low concentration of fluoride, i.e., 25 mg L − 1 [20] .
Material and methods

Preparation of synthetic wastewater samples
Stock solution simulating wastewater from the phosphoric acid plant was prepared by adding sodium fluoride (Fisher Scientific, 97%) and potassium dihydrogen orthophosphate (Fisher Scientific, 99%) in distilled water [21] . F − ion and PO − 4 ion concentration in stock solution was 200 and 1800 mg L − 1 respectively. GP rich wastewater was prepared by dissolving commercial grade plaster of Paris powder (4 g L − 1 ) in distilled water. The duo was stirred for 20 min and then allowed to be settled for around 20 min. Finally, top clear GP rich wastewater was used for blending purpose.
Experimental setup
An acrylic cylindrical shaped flat bottom vessel (90 mm internal diameter, 220 mm height) was used as a reactor in electrocoagulation process as shown in Fig. 1a . The reactor consists of two aluminum plate electrodes viz. cathode and anode, with an arrangement of variable inter-electrode distance on supporting rod. The thickness of each aluminum electrode and the effective surface area is 3 mm and 125 cm 2 , respectively. A constant current was supplied using DC power supply (Scientific, PSD3210, 0-10 A, 0-30 V). Stirring was carried out using a magnetic stirrer. Schematic representation of experimental setup is shown in Fig. 1b .
Experimental procedure
A blend was prepared by mixing of 500 mL of synthetic phosphoric acid plant wastewater, GP rich wastewater as per its level in designed experiments and distilled water to make up the final volume up to 1 L. pH was measured with pH electrode (HACH, Intellical™ PHC101). In all combinations, pH of the blend was in the range of 6-6.5. This pH value is favorable for dominance of solid Al(OH 3 ) coagulant species which precipitates out F − ions [9] . Initial conductivity was maintained at 5 mS cm − 1 using NaCl. NaCl in water provides Cl − ion which helps to eliminate passive layer formation on aluminum electrodes [10] . Conductivity measurement was done using standard conductivity electrode (HACH, CDC 40101). Stirring was carried out at 650 rpm. Fluoride concentration was analyzed using fluoride ion selective electrode (HACH, ISEF12101). Percentage fluoride removal and energy consumption were calculated using following equations.
Where C i and C f represent initial and final F − ion concentration.
Energy consumption Wh
ð Þ ¼ Voltage V ð Þ Â Current A ð Þ Â Time h ð Þð8Þ
Fourier transform infrared spectroscopy (FTIR) analysis
The FTIR analysis of dried sludge was carried out in IRAffinity-1 Shimadzu FTIR spectrometer. The discs of sludge samples were prepared using potassium bromide (sludge sample: potassium bromide, 1:14). FTIR spectrum was recorded in the range of 4000-400 cm − 1 .
Statistical experimental design
A statistical experimental design was carried out using MINITAB 17. Variables such as time (A), current density (B), interelectrode distance (C) and GP rich wastewater volume (D) were selected and responses viz. are percentage fluoride removal (Y1) and energy consumption (Y2) has been analyzed. Variable levels for a design of experiments are shown in Table 1 . RSM has been performed using Box-Behnken Design (BBD) to predict the responses viz. Y1 and Y2. The generalized form of BBD model can be represented as Eq. (9) [22] .
Where Y is predicted response, x i and x j are variables, β 0 , β j , β jj and β ij are the regression coefficients for intercept, linear, square and interaction terms, respectively, and e i is the error.
Results and discussion
Development of regression model and statistical analysis
Response surface analysis has been carried out with the regression models developed as in Eqs. (10) and (11) . Tables 3 and 4 , respectively. ANOVA gives us the information about the level of significance in terms of p-value which should be less than 0.05 for a term to be significant [23] . It is observed that all the linear terms viz. time, current density, inter-electrode distance and GP rich wastewater volume are significant terms for the fluoride removal (%). However, all the linear terms are significant except GP rich wastewater volume in case of energy consumption. This may be because of constant conductivity in all experiments nullified the effect of GP rich wastewater volume on energy consumption.
Effects of time, current density, and inter-electrode distance
Run time is one of the important variables where with the increase in time, there is an increase in coagulant species formation and ultimately more fluoride removal has been observed. This could be possible because of the removal efficiency of any charged pollutants directly depends on the rate of anodic dissolution [24] . fluoride removal. Similarly increase in time leads to increase in consumption of electrical energy, and same has been reported in Fig. 3a .
Current density is electric current supplied per unit surface area of an electrode. From Fig. 2a , it is observed that with the increase in current density there is an increase in fluoride removal. This trend can be explained by the fact that more current supplied to electrodes will result in more coagulant dosage into the water [25] . It is also observed that there is an increase in energy consumption with an increase in current density, as shown in Fig. 3a . Figure 2b shows that there is an inverse relation between inter-electrode distance and fluoride removal. This may be because of two reasons, firstly, the short inter-electrode distance will cause rise in mass transfer rate of coagulant due to increase in turbulence [26] and next could be the increase in electrode distance offering more resistance to current flow between electrodes, which leads to decrease in anodic dissolution resulting in lower fluoride removal. Large inter-electrode distance demands more voltage to maintain constant current flow which causes more energy consumption, as shown in Fig. 3b .
Main effects plot of all linear variables on fluoride removal (%) is shown in Fig. 4 . From this plot it can be easily inferred that time (A), current density (B) and volume of GP rich wastewater (D) have a positive effect and inter-electrode distance (C) has a negative effect over the removal of fluoride.
Effect of GP rich wastewater blending
Mixing of GP rich wastewater introduces calcium ions in the blend of wastewaters. It is seen that an increase in the volume of GP rich wastewater in a blend causes an increase in fluoride removal efficiency as shown in Fig. 2b , it is on account of more calcium ions available for precipitating out fluoride ions. This enhancement in removal efficiency by electrocoagulation can be attributed to simultaneous chemical coagulation of F − ions by calcium ions as illustrated in Eqs. (5) and (6) . In general, the addition of the GP rich wastewater improves the conductivity of blend, so that the required voltage will diminish and it will result in low energy consumption at constant supplied current. But in this study conductivity of blend was kept constant by adding NaCl to avoid the variations in current flow. That is why the volume of GP rich wastewater has no significant effect on energy consumption and same has been reported in terms of the p-value in Table 4 .
Optimization of process variables
In this study, process variables were optimized for two objectives: first is to achieve maximum fluoride removal 
with minimum energy consumption and second is to achieve 95% of fluoride removal without any constraints on energy consumption. A target value of 95% fluoride removal has been selected, as it would give a final fluoride concentration of 10 mg L − 1 which is well below the limits set by Central Pollution Control Board India for effluent discharge.
After statistical analysis response optimizer tool of MINITAB 17 has been used to optimize the process variables without any constraints on input variables. Two response goals (viz. to maximize fluoride removal and to minimize energy consumption) have been assigned for first objective. Similarly, for the second objective a target of 95% removal efficiency has been assigned with no constraints on energy consumption. Optimized process variables for the first objective are run time of 20 min, current density of 0.0064 A cm − 2 , an inter-electrode distance of 1.2 cm and 500 mL of GP rich wastewater. While for the second objective, optimized process variables are run time of 23.17 min, current density of 0.0052 A cm Energy consumption in first objective (3.42 Wh) is greater than that of second objective (2.82 Wh) and current density is 0.006 and 0.005 A cm − 2 respectively. Similarly, removal of fluoride in the first objective (96%) is greater than that of second objective (95%). While the time required is less in first objective (20 min) than that of second objective (23.2 min). We can conclude that on increasing current density, fluoride removal will enhance while run time will be reduced. We can also conclude that volume of GP rich wastewater is one of the more significant factors in defluoridation by electrocoagulation viz. more the volume of GP rich wastewater, less will be the run time. 
FTIR characterization
FTIR analysis ranged from wave numbers between 4000 and 400 cm − 1 was performed to analyze the chemical bonds of the elements present in the dried sludge sample. A generated FTIR spectrum is shown in Fig. 5 . The peak at 628 cm − 1 can be ascribed to the stretching of F-Al-F bond [27] . The peak at 453 cm − 1 is likely attributed to presence of calcium fluoride in sludge, as Ca-F bond is represented at 450 cm −1 on IR absorbance band [28] . Hence FTIR analysis confirms the presence of Ca-F bond in the sludge. Thus, we can conclude that chemical precipitation plays a vital role in fluoride removal according to Eq. (6) . Hence presence of Ca-F and F-Al-F bonds in the sludge samples validates that enhancement in fluoride removal with blending of GP rich waste water is due to simultaneous action of electrocoagulation and chemical precipitation according to Eqs. (4) and (6) respectively.
Fluoride removal kinetic
Experiments were carried out at optimum conditions to study the fluoride removal kinetic at different initial fluoride concentrations. Change in initial fluoride concentration with respect to time was measured in interval of 5 min. Results in terms of removal of fluoride vs. time are plotted in Fig. 6a . It is observed that we could express rate of change of fluoride concentration as a second order kinetic model according to Eq. (12), which is clearly seen in Fig. 6b .
On integration Eq. (12), yields
Where C t , C 0 and k are fluoride concentration at any time t, initial fluoride concentration and, rate constant respectively.
In Fig. 6b , (1/C t ) is plotted against time t at different initial fluoride concentrations with operating variables as current density of 0.0064 A cm − 2 , an inter-electrode distance of 1.2 cm and volume of GP rich wastewater as 500 mL. At all different initial fluoride concentrations, the plot gave the intercept approximately equal to (1/C 0 ), which confirmed that fluoride removal follows the second order kinetic model. And it can be seen that value of kinetic constant k increases as the initial fluoride concentration decreased from 140 to 60 mg L − 1 . 
Conclusions
In this study, a novel blending approach for defluoridation of wastewater in electrocoagulation process using GP rich wastewater has been studied successfully. Optimization of fluoride removal by electrocoagulation using RSM has been carried out. Regression analysis was done to generate mathematical model equations for predicting fluoride removal efficiency and energy consumption. , an inter-electrode distance of 1.2 cm and volume of GP rich wastewater as 500 mL. Trends of 3D surface plots confirm the enhancive role of GP rich wastewater blending in the defluoridation process using electrocoagulation. FTIR analysis validates that enhancement in fluoride removal with blending of GP rich waste water is due to simultaneous action of chemical precipitation and electrocoagulation. This study also confirms that by blending two different wastewaters, we could treat industrial wastewaters with high fluoride concentration and bring down the fluoride in effluent discharge well below the CPCB limits. 
